HSAG-1 is a cloned member of a heterogeneous middle repetitive family of genetic elements which is capable of eliciting a leukemia-related surface antigen detected with a monoclonal antibody after DNA transformation of mouse cells. HSAG-1 was originally isolated from a Chinese hamster-human leukemia hybrid cell gene library both by sib-selection for antigen producing activity and by hybridization with labelled human genomic human DNA. We show here that the human labelled site is at the right hand end of the insert, while the antigen-eliciting portion is included in a 1450 bp fragment at the left hand end of the insert. We also present the complete nucleotide sequence of the 3369 bp insert. The sequence contains 12 elements which bear a significant resemblance to accepted consensus sequences for Alu repetitive elements. The right hand end contains adjacent elements with close sequence similarity to portions of the human and hamster type I and type II Alu consensus sequences. All of the other Alu-related elements have diverged relative to the Alu consensus sequences by additions, long deletions and substitutions. The left hand portion of the insert which has the antigen-producing activity contains four of these diverged elements representing a relatively high proportion (26%) of the nucleotide sequence. The sequence is thus consistent with our previous observations of a repetitive family with biological function.
INTRODUCTION
We previously reported the isolation of two gene clones, HSAG-1 and HSAG-2, from a cell hybrid of transformed phenotype between human chronic lymphocytic leukemia (CLL) cells and a quasi-normal CHO cell line (1) . These clones were isolated by their ability to transform L strain mouse cells to produce a surface antigen clinically correlated with CLL which was expressed on the surface of the hybrid cell. The antigen was specified by a monoclonal antibody and is referred to as antigen 37 (2) . The clones were also capable of producing inefficient morphological rounding of L cells (1) .
A surprising feature of HSAG-1 was the preliminary finding that it was a member of a middle repetitive family of genetic elements with copy numbers of thousands per genome and with dispersed base sequences, most of which could elicit antigen 37 after DNA transformation of L cells (3) . This unusual phenomenon deserves clarification for several reasons. First, the observation represents a basic molecular enigma: how can so many disperse genetic elements give rise to the same antigen? Second, the presence of middle repetitive genetic elements in most eukaryotic genomes in disturbing abundance has led to numerous hypotheses for their presence (4, 5) and possible function (6) (7) (8) , with little, if any, resolution. This phenomenon could represent a long sought function for some classes of these elements. And third, the involvement of the antigen in human cancer and the fact that its genetics appears unconventional, certainly unlike that reported for tumour and retroviral oncogenes (9, 10) , demands further investigation.
Further investigation of the phenomenon at the molecular level has required approaches which are quite different from those established for unique genes, because of the ubiquitous presence of numerous related elements in mammalian genomes which tend to obscure the analysis of the elements of interest.
We have taken two approaches to resolve these difficulties: direct structural investigations including nucleotide sequencing of the prototype member, HSAG-1; and functional investigations using transfected cells selected to contain numerous copies of HSAG-1. The findings of the structural approach are presented in this report and in the accompanying paper (11) .
MATERIALS AND METHODS

Cell Procedures
The origin of the TK-, APRT", L-strain mouse mutant cell line, LTA, is described in detail in Stanners et al. (1) . These cells were maintained in monolayer culture at 37°C in an atmosphere of 5% C0 2 and 95% air using Alpha MEM (12) without nucleosides, with asparagine-H 2 0 at 50 ug/ml and with 10% fetal calf serum (Flow Laboratories, Virginia, USA). L-73 and LR-73 are flat growth-control revertants of CHO cells (1) .
DNA transformation of cultures of LTA cells was carried out by the calcium phosphate precipitation method essentially as described by Graham et al. (13) . For the transient expression assay using fragments of HSAG-1, LTA cultures were seeded at 8x105 cells per 100 mm plastic tissue culture dish (Corning) in 10 ml growth medium. The following day each culture received 1 ml of the DNA precipitate using DNA prepared as follows: pHSAG-1 DNA was digested with various restriction enzymes ana the fragments separated by electrophoresis on 1% agarose (Seakem HGTP) gels. Appropriate fragments detected by staining with ethidium bromide were then electroeluted from excised gel fragments into IOXTAE (14) , filtered through 0.45 ^ Millipore filters to remove any agarose gel, precipitated with ethanol, and resuspended in O.lxTAE buffer (14) . Equimolar amounts of each fragment (derived from 400 ng of the whole pHSAG-1 plasmid) along with 10 y g LR73 DNA was added to each of two cultures of LTA cells. The cultures were exposed to DNA for 18 h, after which the medium was changed and the cultures incubated for a further 48 h. At this time the cells were removed from the plates by trypsinization and tested for surface antigen using monoclonal antibody from hybridoma H-37 and the flow cytometer as described previously (1) . Southern Blot Analyses DNA digested with appropriate restriction enzymes was subjected to electrophoresis on 1% agarose gels, then transferred to nitrocellulose sheets by standard procedures (14) . Highly reiterated human or Chinese hamster sequences were detected by hybridization with nick-translated 32 P-labelled total genomic DNA from HeLa or L-73 cells respectively (specific activity, 1-2x108 cpm/ M g). Hybridization was in 40% formamide, 5xSSPE (14) , 2x Denhardt's solution, 200 yg/ml of sonicated salmon testis DNA and 5x105 C pm/ml of probe for 24 hours at 42°C. The filters were washed for two 20 rain periods in 2xSSC, 0.1% sodium dodecyl sulfate, followed by two 20 min periods in O.lxSSC, 0.1% sodium dodecyl sulfate, all at room temperature. After drying, the filters were exposed to X-ray film with intensifying screens at -70°C for 18 h. Nucleotide Sequencing
The 3.4 kb EcoRI insert cloned in the xgt WES vector (1) was subcloned into the EcoRI site of pBR322. A detailed restriction map, with emphasis on sites such as Sau 3A compatible with the cloning sites in the M13 cloning vectors mp8 and mp9 (15) , was constructed using purified plasmid DNA (Fig. 1) . Restriction fragments were isolated after electrophoretic separation on 5% or 8% polyacrylamide gels by excision of pieces of the gel containing known bands visible after staining with ethidium bromide, and electroelution into TBE (0.1 M Tris pH 8.2, 0.1 M Boric acid, 0.002 M EDTA). After precipitation with ethanol, the DNA was resuspended in 0.1X TE (TE is 10 mM Tris pH 8.0, 1 mM EDTA). Preliminary nucleotide sequences of the ends of some of the fragments were obtained for purposes of identification by the technique of Maxam and Gilbert (16) . The fragments were then subcloned into the M13 vectors mp7, mp8 and mp9 by standard procedures. Correct clones were identified by determining the positions of one nucleotide in the inserts using the dideoxynucleotide chain termination method of Sanger et al. (17) (1) was subcioned into the EcoRI site of pBR322. DNA from this recombinant plasmid was then digested with a series of restriction enzymes one at a time or in various combinations and subjected to size separation by electrophoresis on calibrated agarose gels. The map was constructed from the pattern and size of the resultant fragments. The portion of the insert capable of eliciting antigen and the portions which hybridized strongly with total human or Chinese hamster DNA are indicated. Asterisks indicate qualifications regarding the use of these simple labels as discussed in the text.
then obtained by using the dideoxynucleotide chain termination method for all four nucleotides. Inserts in both orientations for each fragment in the M13 vectors were obtained so that the sequences of both strands could be determined to reduce the possibility of errors. Also the continuity of adjacent fragments was assured by sequencing overlapping fragments which contained the terminal restriction enzyme sites at internal positions.
RESULTS
Location of Highly Reiterated Sequences in HSAG-1 HSAG-1 was originally isolated from a gene library of a human CLL-CHO hybrid cell which was capable of producing antigen 37 expression after DNA transformation of LTA cells. After identification of a portion of the library which retained this functional activity, the clone was isolated by its hybridization with a radioactive probe of human genomic DNA (1). Such hybridization commonly indicates the presence of human-specific, highly reiterated Alu-like sequences (18) . As the viral plaques and the 3.4 kb insert of HSAG-1 hybridized strongly with both labelled human and CHO DNA, it appeared that the clone could contain reiterated sequences of both human and CHO origin. In order to localize these highly reiterated sequences, the HSAG-1 insert was first subcloned into the EcoRI site of pBR322 and a detailed map of its restriction enzyme sites was constructed (Fig. 1 ). pHSAG-1 DNA was then digested with EcoRI, Xbal and Aval, the resultant fragments separated by electrophoresis on agarose gels, transferred to nitrocellulose, and labelled by hybridization with nick-translated total human or CHO DNA. Most of the labelling with each probe occurred with distinct but adjacent fragments ( Fig.  2 ) whose position on the restriction map is at the right hand end of the HSAG-1 insert (see Fig. 1 ). Location of Antigen Determining Sequences in HSAG-1 HSAG-1 was shown to be capable of eliciting the production of antigen on the surface of LTA cells by DNA transformation using the calcium phosphate precipitation procedure (13) in either a transient expression assay or a long term stable assay (1) . In order to localize the nucleotide sequences responsible for this activity, pHSAG-1 DNA was digested with various restriction enzymes, separated by electrophoresis on agarose gels and appropriate fragments isolated by electroelution from excised gel pieces. These purified fragments were then applied to LTA cells by the calcium phosphate precipitation procedure, and two days later the cells were tested for the presence of surface antigen by treatment with monoclonal antibody followed by analysis in a flow-cytometer cell-sorter. The results for some of the fragments are shown in Figure 3 . Of the fragments tested, only the EcoRI to Aval and the EcoRI to Xbal fragments were consistently capable in repeated experiments of producing a shift in fluorescence (Fig. 3) . As the EcoRI to Bgl II and Hind III to Sst I fragments were clearly negative ( Fig. 3 ) and the Hind III to EcoRI fragment was only inconsistently positive in repeated trials (one out of three, data not shown), the portion of HSAG-1 capable of eliciting antigen must at least include the 700 bp between the Hind III and Bgl II sites and at most the 1450 bp between the EcoRI and Xba I sites. The fluorescent shift observed for the latter fragment (see Fig.3 ) was of equal or greater magnitude than that for the entire 3369 bp insert (data not shown). These experiments were repeated using a long term assay involving selection for transformation-competent cells by co-transfection with a plasmid containing the Herpes virus thyraidine kinase gene followed by incubation in HAT medium (1) . The results were similar giving identical conclusions (data not shown).
The fluorescence distributions for positive fragments in Figure 3 show a complete shift as if all cells have become successfully transfected to produce antigen. However, the addition of a distribution produced by cells comprising more than 10$ of the total cell population which possess a relatively small increase in fluorescence to a distribution which is the same as the "negatives" in Figure 3 , then normalized to the same peak height, produces a total shift of the type observed in Figure 3 , because of the normalization and logarithmic fluorescence scale. In addition our transfection procedure is unusually efficient as we routinely obtain 30-100 thymidine kinase (TK) positive colonies per ng of cloned TK-pBR322 plasmid DNA per 10 6 exposed LTKceils (13) , so that it is also possible that a high proportion of the population is actually positive. The Nucleotide Sequence of HSAG-1
The nucleotide sequence of the 3369 bp insert of HSAG-1 is shown in Figure 4 . The sequence was analyzed with the aid of a computer for the presence of known human and rodent reiterated sequences, transcriptional initiation and termination signals, splice sites for the possible excision of It seemed worthwhile to analyze the entire sequence rather than just the antigen-eliciting portion to obtain information about flanking sequences which could be relevant to both the origin and regulation of the functional sequence.
Reiterated Sequences
It is first important to realize that essentially every part of the HSAG-1 3369 bp insert is reiterated to some degree. Analysis of genomic DNA of rodent or human origin by hybridization of electrophoretically separated restriction enzyme fragments or of libraries in lambda bacteriophage vectors with radioactive probes from different portions of HSAG-1 indicates copy numbers of at least 20 per genome for some fragments to thousands per genome for some portions of the EcoRI to Xbal fragment, to hundreds of thousands per genome for the right hand "human-CHO" positive fragment (11) . It is therefore perhaps not surprising that the most striking feature of the HSAG-1 sequence is the presence of numerous elements which bear a significant resemblance to the published consensus sequences for CHO or human highly reiterated Alu-like sequences (19) . There are 12 of these within the 3369 bp of HSAG-1; they are indicated as gray shaded areas in Figure 4 and are compared with the above-mentioned consensus sequences in Figure 5 . In the latter figure, a dot indicates the same base as the CHO Alu-like type I consensus sequence (element 1), a letter a different base, and a space a deletion. Most of these elements show deletions of various lengths when compared with the CHO Alu consensus sequence plus numerous single base additions, deletions or substitutions, some of which are common, indicating some degree of relatedness between the various elements. The differences, however, are apparently great enough to prevent significant hybridization between them under stringent conditions (data not shown).
The element most closely related to the consensus sequence was found between 2878 and 3020 bp, straddling the Aval site at 2917 bp. The 39 nucleotides to the left of the Aval site (and which lie at the right hand end of the 0.68 kb Xbal-Aval fragment specifically labelled with the human probe; see Figs. 1 and 2) resembles a part of the human Alu consensus sequence better than the CHO Alu consensus sequence; this can be seen in Figure 5 where both this element (element 9) up to the Aval site and the human Alu consensus sequence from bp 1 to bp 38 (element 10) are compared with the CHO Alu consensus sequence (element 1): many of the letters (base differences relative to CHO Alu consensus sequence) in elements 9 and 10 are the same. The random probability of the observed 5 new matches at specified positions is vanishingly small for a stretch of nucleotides as short as 38. On the other hand, HSAG-1 was one of 4 clones selected from a pool of 10 3 f rO m a human-CHO library for its ability to hybridize with labelled total human genomic DNA (1) . It is therefore difficult by sequence analysis alone to assess the validity of the contention that this part of the element was actually derived from human sequences. Since no such human-hybridizing clones were observed in pure CHO gene libraries prepared and probed in parallel with the CLL-CHO library from which HSAG-1 was derived (Chamberlain et al., unpublished results), however, we believe the contention is valid. There are also two elements of about 50 bp each starting at 1226 bp and 2548 bp which resemble a part of the human Alu consensus sequence, including the portion for which there is no rodent counterpart. The portion of the element from position 2878 bp to the Aval site was presumably responsible for the hybridization of the 0.68 kb Xbal to Aval fragment with the labelled human DNA (Fig. 2 ) since its sequence so closely follows the human Alu consensus sequence. This does not exclude, however, the possibility that other reiterated elements within the Xbal to Aval fragment such as the one at 2548 bp was responsible for the hybridization. The portion of the same element from the Aval site to 2972 bp could account for the hybridization of the 0.45 kb Aval to EcoRI fragment to labelled CHO DNA (Fig. 2) , although immediately to its right is an element from 3051 bp to 3162 bp which bears an even stronger relatedness to the CHO type 2 Alu consensus sequence, which could also have hybridized to the CHO DNA. The latter element terminates with a mismatched region of 42 bp followed by a perfect alternating TATA ... sequence of 52 bp and 8 perfect 4 bp repeats which are inverted repeats of the 4 bp sequence at the beginning of the element. Bracketing all this are two imperfect 9-10 bp sequences representing direct repeats (Fig. 5 ). This structure thus contains all the features of an element capable of transposition (20) . To our knowledge, terminal inverted repeats have not previously been observed in association with type 2 elements. Curiously, there is a 10 bp sequence immediately before the 2878 to 3018 bp type I Alu element which is repeated perfectly at position 3089 bp within the type II Alu element (Fig. 4) . The significance of these repeats will be considered in the Discussion. All of the other Alu-related elements to the left of the second Xbal site at 2235 bp apparently differ too much in base sequence from the most common members of the Alu family (the consensus sequences in Fig. 5 ) to allow much hybridization with labelled total genomic DNA of either rodent or human origin (Fig. 2) .
Functional Sequences
To test for possible functions of HSAG-1, the sequence was analysed for the presence of conventional consensus sequences for transcriptionai initiation and processing and for open translational reading frames. These are indicated in Figure 4 . The question as to whether or not these signal sequences and translational open reading frames are c.ctually functional was addressed by application of Staden's program ANALYSEQ (21) to the left-hand antigen-eliciting portion of HSAG-1. This program shows possible eukaryotic ribosome binding sites, start and stop codons, possible splice sites with associated probabilities, poly A addition signals and the probability that any open reading frame is actually used for protein synthesis. The latter is assessed by a number of algorithms, most of which depend on the fact that the base frequencies, when considered in triplets, are not random across true coding sequences. The results showed that it is unlikely that the antigeneliciting portion of HSAG-1, in any of its six possible reading frames, actually codes for a protein: a plausible combination of possible ribosome binding sites, start and stop codons, and open reading frames with consistently high scores for function by most of the criteria could not be found (data not shown).
The above analysis does not assess the probability that putative RNA polymerase II promoter and enhancer sequences observed in the antigendetermining portion of HSAG-1 (Fig. 4) are actually functional. Direct studies on this question are in progress. As might be expected with so many Alu-related elements, there are also many consensus sequences for RNA polymerase III promoters (22) within HSAG-1 (Fig. 4) . Unexpected perhaps is the fact that the two elements.of one pair of such promoter sequences, the first of which starts at position 2876 bp at the beginning of the element from 2878 bp to 3020 bp, agree more closely with the consensus sequence than the corresponding sequences in the CHO type I Alu consensus sequence. On the other hand the first of these, labelled pol IIIA in Figure 4 , agrees well with the human Alu consensus sequence, which is consistent with the view that the left hand portion of this element could be derived from human sequences.
A search of the Gen-Bank databank for nucleotide sequences similar to the antigen-determining portion of HSAG-1 and, in some cases, to the entire sequence of HSAG-1, was done by computer. As this type of search is far too complex to be done for the entire bank of sequences, reiterated sequences, and sequences corresponding to oncogenes and known surface proteins were chosen for the comparison. Other than the Alu-related elements, no similarities were evident.
DISCUSSION
Evidence arising from the cloning of HSAG-1 and from the use of its antigen-eliciting portion as a probe on electrophoretically separated genomic DNA or on genomic libraries led to the surprising conclusion that it was a member of a middle repetitive family of genetic elements with copy numbers in the thousands per genome (1,3,11) . The structure of HSAG-1, presented here, provides some important clues concerning both its origin and function. In the first place its 3369 bp sequence is riddled with Alu-related elements, including the left hand antigen-eliciting 1450 bp portion which has 4 such elements out of a total of 12 in the complete insert. With the exception of the two elements at the extreme right-hand end, most show numerous long nucleotide deletions, additions and substitutions when compared to published Alu consensus sequences (Fig. 5) , enough to explain their failure to hybridize readily with total labelled human or CHO DNA. The 4 elements in the left-hand portion represent 26% of the nucleotide sequence, which is much higher than the average value of 1.8$ for the proportion of the entire genome occupied by Alu-like sequences (11) . Similar clusters of Alu-like elements, 10 in a 5 kb intron of an expressed human B-tubulin gene (23), 6 in 2.6 kb of the 5' flanking sequence of a human plasma glycoprotein gene (24) , and 2.5 in the 2.5 kb 3' untranslated region of human LDL receptor mRNA (25) have been reported recently. Also a cluster of 10 Alu-like elements in a 15 kb piece of human DNA was obtained from a genomic library by strong hybridization with repetitive probes (26) . It is our impression from the paucity of these observations, however, that such Alu-like clusters must be relatively rare, although the presence of highly diverged Alu elements could have escaped detection by hybridization analysis using conventional probes.
Concerning origin, the divergence of the HSAG-1 elements from both human and CHO Alu consensus sequences prevents a conclusion regarding their species origin, although the right hand end elements, which are more closely aligned with Alu consensus sequences and which do hybridize with both labelled human and CHO DNA, show a division at the Aval site between human-like elements on the left and CHO-like elements on the right. This observation, together with results from the accompanying paper (11), could be interpreted by the hypothesis that HSAG-1 is a modified (activated?) CHO element which was formed by gene conversion or recombination with human DNA at quasi-homologous Alu sites (luring genetic stabilization of the CLL-CHO hybrid cell from which it was derived. The presence of a rather complex array of direct and inverted repeat sequences, and a Z-DNA like structure (AT repeated 26 times) around the elements at the right hand end, is consistent with recombination (or gene conversion) events in this region (27) .
Concerning function, that is the ability of HSAG to determine antigen by DNA transformation of mouse cells, interpretation of the structure requires consideration of the following information. The antigen is a protein or a glycoprotein with a molecular weight of 14,000 to 20,000 (2) . Several of the open reading frames in the sequence of the left hand antigen-determining portion of HSA6-1 could conceivably be spliced to code for a protein of this size. However, if this portion with the highly diverged Alu-like elements is used as a probe, hybridizing clones can be found with copy numbers of thousands per genome in either human or CHO gene libraries, and most of the human clones can elicit antigen on transformation of L cells (3) . DNA hybridization studies between various fragments of HSAG-1 and fragments of these new clones indicates that they all have diverged Alu-like elements in common and that this is their only similarity, as if such clustered elements were the critical factor in eliciting antigen (11) . This raises the question of whether all of the HSAG clones could possibly code directly for a similar antigen, perhaps by direct expression of the Alu-like sequences, or whether antigen expression is due to an indirect mechanism such as the induction of a conventional cellular gene by these sequences. Computer analysis of the nucleotide sequence of the antigen-eliciting portion of HSAG-1 shows that, whereas transcription could occur, it is unlikely that the observed open reading frames are actually involved in the production of a protein, thus favouring an indirect mechanism. It should also be pointed out that the antigen elicited by the HSAG elements is defined here solely by its interaction with the monoclonal antibody, so that heterogeneity in cross reacting antigens elicited by various family members is possible. Direct studies on transcription and translation of HSAG-1 sequences are obviously required to resolve these issues. Using cells transfected and selected to contain very high copy numbers of HSAG-1, such studies are in progress.
